The challenges in bone tumor therapy are how to repair the large bone defects induced by surgery and kill all possible residual tumor cells. Compared to cancellous bone defect regeneration, cortical bone defect regeneration has a higher demand for bone substitute materials. To the best of our knowledge, there are currently few bifunctional biomaterials with an ultra-high strength for both tumor therapy and cortical bone regeneration. Here, we designed Fe-CaSiO 3 composite scaffolds (30CS) via 3D printing technique. First, the 30CS composite scaffolds possessed a high compressive strength that provided sufficient mechanical support in bone cortical defects; second, synergistic photothermal and ROS therapies achieved an enhanced tumor therapeutic effect in vitro and in vivo. Finally, the presence of CaSiO 3 in the composite scaffolds improved the degradation performance, stimulated the proliferation and differentiation of rBMSCs, and further promoted bone formation in vivo. Such 30CS scaffolds with a high compressive strength can function as versatile and efficient biomaterials for the future regeneration of cortical bone defects and the treatment of bone cancer.
Introduction
The treatment of bone cancer has received considerable attention from scientists and clinicians 1, 2 . The challenges in the therapeutic process are how to repair the large bone defects induced by surgery and kill all possible residual tumor cells 3 . Compared to cancellous bone defect regeneration, cortical bone defect regeneration has a higher demand for bone substitute materials, which should not only have satisfactory biological activities but also possess a high compressive strength to match that of cortical bone. To the best of our knowledge, there are currently few bifunctional biomaterials with an ultra-high strength for both tumor therapy and cortical bone regeneration. Therefore, it is of great significance to develop such biomaterials for potential application in the treatment of bone tumors.
Compared with inorganic bioceramics and polymeric scaffolds, metal scaffolds, such as Fe scaffolds, have an excellent fatigue resistance and a high compressive strength, which are suitable for repairing load-bearing bone defects 4 . Although Fe-based materials have been demonstrated to possess good biocompatibility and biosafety [5] [6] [7] [8] , pure Fe materials still have a number of deficiencies in practical applications, such as a rather low degree of degradation, lack of bioactivity and poor boneforming performance 9, 10 . In contrast, inorganic CaSiO 3 bioceramics have fast ion release kinetics due to their low value of activation 11 . In addition, CaSiO 3 bioceramics can stimulate vascularization and osteogenic differentiation and further promote bone formation in vivo 12 . Therefore, inorganic-metal composite scaffolds with desirable architectures and mechanical properties and satisfactory biocompatibility, bioresorbability and osteogenesis are promising for solving the issues associated with traditional scaffolds and ultimately for meeting the clinical requirements.
Photothermal therapy has been extensively explored owing to its minimally invasive procedure and specific temporal and spatial selectivity [13] [14] [15] . It has been reported that Fe nanoparticles possess photothermal effects owing to their localized surface plasmon resonance, and they are easy to ignite due to their higher temperature increase, lower activation energy, and porous oxide structure 16 . Despite the above encouraging results, to the best of our knowledge, there are no reports on the photothermal therapeutic effect of Fe-based biomaterials in vitro and in vivo. Interestingly, apart from the photothermal effect, the release of Fe ions capable of catalytic H 2 O 2 decomposition inside the tumor leads to the production of reactive oxygen species (ROS), resulting in rapid lipid , and Fe, respectively). Scanning electron microscopy (SEM) images of the CaSiO 3 (c), Fe (d), 30CS (e) scaffolds sintered at 1350°C. f Back-scattered electron image of a 30CS scaffold after a polishing process. Energy dispersive spectroscopy (EDS) results for the 30CS scaffold at spots A, B, and C, corresponding to spectrum (g), spectrum (h) and spectrum (i). Energy-dispersive spectroscopy (EDS) elemental mapping of the 30CS scaffold after the polishing process: Ca (j), O (k), Si (l), Fe (m). There is a clear diffusion of Fe into CaSiO 3 ceramic phase oxidation and protein and DNA damage, which are harmful to tumor cells 17 . Such synergistic photothermal and reactive oxygen species therapies can improve the tumor therapeutic effect compared with the monomodal therapies 18, 19 . In this work, we designed a Fe-CaSiO 3 composite scaffold named 30CS via a facile ball-milling and 3D printing technique (mass percent: 30% CaSiO 3 and 70% Fe). The composite scaffolds with a high compressive strength exhibited the synergistic effects of photothermal and ROS tumor therapies and the ability to promote bone regeneration. Such a unique scaffold featured the following advantages: First, the 30CS composite scaffolds possessed a high compressive strength that provided sufficient mechanical support in bone cortical defects; second, the 30CS scaffolds could serve as photothermal agents owing to their excellent photothermal effect. Simultaneously, the sustained release of Fe ions from the 30CS scaffolds induced a constant tumor therapeutic effect. Such synergistic photothermal and ROS therapies achieved an enhanced therapeutic effect and effectively inhibited tumor growth in vivo. Finally, the 30CS scaffolds supported the adhesion, proliferation, and osteogenic differentiation of rBMSCs and promoted bone formation in vivo. Therefore, such 30CS scaffolds with a high compressive strength are promising for future applications in the therapy of cortical bone cancer and the regeneration of cortical bone defects resulting from surgery. A schematic illustration of the fabrication and bioapplication of the Fe-CaSiO 3 composite scaffolds is shown in Fig. 1a .
Method

Materials
Iron powder with a 99.5% purity was purchased from Haotian Nano Technology, China. CaSiO 3 powder was purchased from Kunshan Chinese Technology New Materials Co. Pluronic F-127, tri-methylolaminomethane, calcein AM, ethidium homodimer-1, fluorescein isothiocyanate (FITC) and 4′,6-diamidino-2-phenylindole (DAPI) were purchased from Sigma-Aldrich (USA). CCK-8 and DCFH-DA were purchased from Beyotime Biotechnology (China).
Preparation and characterization of the 30CS scaffolds
The composite powder was first prepared by mixing Fe and CaSiO 3 powders (CaSiO 3 mass percent: 40, 30, 20, 10%) and then ball milling for 2 h. The products are denoted 40CS, 30CS, 20CS, 10CS, respectively. Composite scaffolds were fabricated by 3D printing based on a computer-aided design model, dried at room temperature for 24 h, and then sintered at 1150, 1250, and 1350°C in an argon atmosphere.
The surface microstructure and elemental mapping of CaSiO 3 , Fe and the composite scaffolds were characterized by scanning electron microscopy with an energydispersive spectrometer (SU8220, HITACHI, Tokyo, Japan). The effect of the sintering temperature on the crystalline structure of the ceramic scaffolds was investigated via X-ray diffraction analysis (D8 ADVANCE, BRUKER AXS GMBH, Karlsruhe, Germany).
To investigate the ion release from the scaffolds and their weight loss, the scaffolds were soaked in a Tris-HCl solution for 1, 7, 14, 21, and 28 days (solution volume to scaffold mass: 200 mL/g), dried at 120°C, and weighed via an analytical balance. Every 7 days, the Tris-HCl solution was collected and refreshed. The concentrations of Ca, Si and Fe ions were measured by inductively coupled plasma atomic emission spectrometry (ICP-AES, Vista AX, Varian, Palo Alto, USA). To investigate the effect of the sintering temperature on the degradation and release of Fe ions, 30CS and Fe scaffolds sintered at 1150 and 1350°C were soaked in a Tris-HCl solution for 1, 3, and 7 days, and then the Fe ion concentration was detected via ICP-AES.
To determine the compressive strength of the scaffolds, cube specimens with a height of 10 mm were prepared. The compression tests were carried out via a universal testing machine (Instron-5592, Norwood, USA) at room temperature.
The photothermal effects of the 30CS scaffolds were evaluated with an 808 nm NIR laser at power densities of 0.4, 0.45, 0.5, 0.55, and 0.6 W/cm 2 in the dry state and in PBS. The temperature of the scaffold was monitored by an infrared thermal imaging system in real time. The temperature of the scaffold was exported to plot the curves via FLIR R&D software.
Detection of the reactive oxygen species produced by the 30CS scaffolds in vitro Sao2 tumor cells were incubated in MEM medium containing 10% fetal bovine serum at 37°C in a humidified incubator (5% CO 2 ). A total of 1.5×10 5 cells were cultured in 6-well plates for 48 h, and then scaffolds were gently placed on the plates. After 4 h, the scaffolds were removed, and the Sao2 cells were washed with MEM medium twice and then loaded with DCFH-DA for 20 min (1.5 mL for each well). Then, the probe was removed, and the tumor cells were washed with MEM twice, collected by trypsin and re-dispersed in the MEM medium. The intracellular ROS level was detected via the fluorescence intensity of DCF in the Sao2 cells using a fluorescence spectrometer. In addition, after treatment with DCFH-DA for 20 min, the fluorescence could be directly observed via fluorescence microscopy at 480 nm excitation.
In vitro antitumor efficiency of the 30CS scaffolds
The cells were cultured in 48-well plates at a density of 1 × 10 4 per well and then incubated for 48 h. Then, the cells were divided into nine groups: those treated with CaSiO 3 , Fe or 30CS without irradiation for 4 h; those treated with CaSiO 3 , Fe or 30CS for 4 h and then irradiated at a power density of 0.6 W/cm 2 for 15 min; and those in which CaSiO 3 , Fe or 30CS was placed gently on the plate, irradiated for 15 min and then removed immediately. For another 12 h, the medium was replaced with a CCK-8 solution and kept at 37°C for 1 h. Then, the absorbance at 405 nm was recorded via a microplate reader (Biotek Instruments, Winooski, USA).
To visually observe the viability of the tumor cells among the nine groups, after the different treatments, the tumor cells were stained with calcein AM (green fluorescence, live cells) and ethidium homodimer-1 (red fluorescence, dead cells) for 30 min to distinguish the live cells from the dead cells. The fluorescence emitted from the cells was observed via a confocal laser scanning microscope (Leica TCS SP8, Wetzlar, Germany).
The biocompatibility of rBMSCs after treatment with CaSiO 3 , Fe or 30CS for 4 h was also tested via CCK-8 (cell counting kit-8) assay. The rBMSCs were cultured in 48-well plates at a density of 1 × 10 4 per well and then incubated for 48 h. Then, CaSiO 3 , Fe or 30CS scaffolds were gently placed in the well. After 4 h, the scaffolds were removed, and after another 12 h, the rBMSCs were cultured with CCK-8 solution for 1 h. Then, the absorbance at 405 nm was recorded via a microplate reader (Biotek instruments, Winooski, USA).
The effect of the power density on the viability of the rBMSCs was also investigated. First, rBMSCs were cultured in 48-well plates at a density of 1 × 10 4 per well and then incubated for 48 h. CaSiO 3 , Fe or 30CS scaffolds were gently placed on the plates, and the cells were divided into the following groups: those without irradiation and those with irradiation at power densities of 0.16, 0.27, or 0.44 W/cm 2 for 15 min. After irradiation for 15 min, the scaffolds were removed immediately. After another 12 h, the cell viability was determined by CCK-8 assay. The rBMSCs irradiated at a power density of 0.16 W/cm 2 for 15 min were incubated for another 1 and 3 days. Then, the proliferation of the rBMSCs was analyzed by the CCK-8 assay.
In vivo antitumor efficiency of the 30CS scaffolds
Tumor-bearing mice (4-6 weeks old) were obtained from the Laboratory Animal Center, Shanghai Ninth People's Hospital Affiliated Shanghai, Jiao Tong University School of Medicine, and the mice model was performed according to the previous study. Briefly, Saos-2 tumor cells (5 × 10 6 cells) were injected into the back of the nude mice in each group. When the tumor volume reached~200 mm 3 , the mice were divided into six groups randomly (n = 5), implanted with CaSiO 3 , Fe or 30CS scaffolds and either not irradiated or irradiated with a laser. The scaffold (length: 6 mm, width: 1.5 mm, height: 1.5 mm) was implanted in the center of the tumor tissue. For the PTT treatment, the mice were irradiated with a 808 nm laser for 10 min at a power density of~0.8 W/cm 2 and monitored via IR thermal imaging system in real time. Every other day, the tumor volume was recorded with a caliper. On the 15th day, the mice were sacrificed and photographed. Then, the tumor tissue was collected, weighed, immersed in a 4% formaldehyde solution for 24 h, embedded in paraffin, and stained with H&E.
In vitro osteogenesis of the 30CS scaffolds rBMSCs were cultured to the third passage, and then 5 × 10 3 rBMSCs were cultured in 96-wells plates for 1, 3, and 5 days in the extracts of CaSiO 3 , Fe and 30CS powders or scaffolds. The proliferation of rBMSCs was analyzed by the CCK-8 assay. Briefly, the extracts were removed, and then the rBMSCs were incubated with a 10% CCK-8 solution (250 μl in each well) for 1 h. Then, 100 μL of the CCK-8 solution was extracted from each well, and the absorption was measured at 405 nm via a multifunction microplate reader.
To investigate the mRNA transcription levels of bonerelated genes (COLI, RUNX2, OPN and BMP2), the rBMSCs were processed for total RNA extraction via an RNAprep Micro Kit (TaKaRa, Japan) at 1 and 3 day. The concentration of RNA was detected at 260 nm using a multifunctional microplate reader (SpectraFluor Plus, Tecan, Crailsheim, Germany). cDNA was prepared by the PrimeScript 1st Strand cDNA synthesis kit (TOYOBO, Japan). Then, RT-qPCR was performed via SYBR Green QPCR Master Mix (TaKaRa, Japan) with a Light Cycler apparatus (Bio-rad, CFX-Touch).
To evaluate the cell morphology in the CaSiO 3 , Fe and 30CS scaffolds, 1 × 10 4 rBMSCs were cultured in each scaffold in a 48-well plate. After 1 day, the scaffolds were washed with phosphate-buffered saline and then fixed with 2.5% glutaraldehyde, a series of ethanol solutions (30, 50, 70, 80, 90, 95 , and 100v/v%) and hexamethyldisilazane. Finally, the cellular scaffolds were observed by SEM (SU8220, HITACHI, Tokyo, Japan).
To observe the attachment of rBMSCs to the scaffolds, rBMSCs were cultured in the scaffolds for 1 d, incubated with 4% paraformaldehyde for 20 min, and washed with PBS three times. The cytoskeleton and nuclei of the rBMSCs in the scaffolds were stained with FITC and DAPI, respectively. Confocal images were obtained using a confocal laser scanning microscope (Leica TCS SP8, Wetzlar, Germany). 
In vivo osteogenesis of 30CS scaffolds
All procedures were performed according to the guidelines of the Animal Research Committee of the Ninth People's Hospital, Shanghai Jiao Tong University. Eighteen New Zealand rabbits (2-2.5 kg) were used as critical-sized femoral defect models to evaluate the osteogenic capabilities of the CaSiO 3 , Fe and 30CS scaffolds (n = 6). After defects were created, CaSiO 3 , Fe and 30CS scaffolds (height: 8 mm, diameter: 5 mm) were implanted and then irradiated at a power density of~0.8 W/ cm 2 for 10 min to verify that the short-time photothermal therapy had no adverse effects on long-term bone regeneration. After 8 weeks, the rabbits were sacrificed, and the species (the femoral tissue implanted with scaffolds) were collected and then examined via micro-CT and histological analysis via Van Gieson's picrofuchsin stain. With a software analysis system, the percentage of new bone in the total bone defect area was quantified.
Results and discussion
Synthesis and characterization of the 30CS scaffolds
In our study, the Fe-CaSiO 3 composite powder was obtained by ball-milling, and then 40CS, 30CS, 20CS, 10CS (CaSiO 3 mass percent: 40, 30, 20, and 10%, respectively) and pure Fe scaffolds were fabricated by a 3D printing method. Photographs of the 3D-printed scaffolds (CaSiO 3 , 40CS, 30CS, 20CS, 10CS, and Fe, respectively) are shown in Fig. 1b . The composite scaffolds were sintered at 1150, 1250, and 1350°C under an argon atmosphere, and scanning electron microscopy (SEM) images were obtained (Fig. 1c-e, Fig. S1 ). As shown in Fig. 1e , the two main components of 30CS were well integrated. According to the back-scattered electron image (Fig. 1f) and energy dispersive spectroscopy (EDS) analysis (Fig. 1g-i) , the detailed observations revealed that there were three phases: CaSiO 3 ceramics (black background), metal (Fe) phase (bright background), and Fe-CaSiO 3 phase (gray background). EDS elemental mapping also clearly showed the diffusion of Fe into the CaSiO 3 ceramic phase (Fig. 1j-m) . The diffusion process is dependent on the mean particle diameter of the powders, the thermal removal of the placeholder, and the pore size 20 . The XRD results showed that a little Fe 3 O 4 was present in the 30CS scaffolds sintered at 1350°C (JCPDS card no. 19-0629) (Fig. S3) .
High mechanical strength of the 30CS scaffolds
One of the distinctive characteristics of the prepared FeCaSiO 3 composite scaffolds is that they possess a high mechanical strength for load-bearing applications. The compressive strengths of the scaffolds were obtained from the compression curves at a strain of 30%. As shown in Fig. 2b , the compressive strengths of the Fe-CaSiO 3 composite scaffolds were obviously higher than that of the CaSiO 3 scaffold without Fe. In addition, with increasing content of Fe particles, the compressive strengths of the composite scaffolds increased because of the inherent mechanical properties of Fe (Fig. 2b) 
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. In terms of the different macropore morphologies (square, parallelogram, triangle), there was no significant difference in the scaffolds with the same composition. In addition, the porosities of the 30CS scaffolds with different macropore morphologies were not obviously different (Fig. S2) . Furthermore, the mechanical properties of the 30CS scaffolds were significantly improved by adjusting the sintering temperature (1150-1350°C), which was attributed to the fact that the enhanced compressibility and integration of the particles during the sintering process at a higher temperature leads to a lower porosity and higher densification of the 30CS scaffolds 22 . Fig. 2c shows that the 3D-printed 30CS scaffolds exhibited a very high compressive strength of 126 MPa at a sintering temperature of 1350°C, while the compressive strength of the CaSiO 3 scaffolds reached only 14.9 MPa. As is known, the compressive strength of human compact bone ranges from 90 to 170 MPa 23 , suggesting that the 30CS scaffolds can provide sufficient mechanical support for loadbearing applications after implantation into cortical bone defect sites.
Degradation performance of the 30CS scaffolds
To investigate ion release from the scaffolds and their weight loss, the scaffolds were soaked in a Tris-HCl solution for 1, 7, 14, 21, and 28 days. The CaSiO 3 ceramic scaffolds exhibited the largest weight loss due to their highest degradation rate in the Tris-HCl solution compared with those of the metal and composite scaffolds (Fig. 2d) . In contrast, the Fe scaffolds demonstrated only a slight weight loss and a slow loss rate. Interestingly, the 30CS scaffolds showed significantly more weight loss than the Fe scaffolds at every monitoring point. Figure 2e , f shows the release of Ca and Si elements as a function of the soaking time. There was a rapid increase in the concentration of the two kinds of ions for the CaSiO 3 and 30CS scaffolds during the initial 7 days, which was followed by a reduction or a plateau. In the terms of the Fe ions, the concentration of released Fe was higher for the 30CS scaffolds than for the pure Fe scaffolds (Fig. 2g) . On day 1, the Fe ion concentration for the 30CS scaffolds reached 3.82 p.p.m., which is higher than that for the Fe scaffolds (1.14 p.p.m.) (Fig. 2g) . On day 7, the Fe ion concentrations for the 30CS and Fe scaffolds sintered at 1150°C were higher than those for the scaffolds sintered at 1350°C (Fig. S4) . The sustained release of Fe ions is beneficial for the continuous production of ROS and for achieving a tumor therapeutic effect. The improvement in the Fe ion release and weight loss of the 30CS scaffolds is attributed to the low value of the activation energy of . The possible mechanism may be described as follows: On the one hand, compared with pure Fe scaffolds, the relatively higher solubility of the CaSiO 3 phase in the 30CS scaffolds not only induced a higher weight loss but also led to the formation of micropores and thus increased the contact area between the Fe phase and the Tris-HCl solution. On the other hand, the Fe-CaSiO 3 interface at the Fe grain boundaries could facilitate fluid diffusion into the bulk since the CaSiO 3 bioceramics are hydrophilic and then accelerate Fe dissolution in the TrisHCl solution to produce a higher released Fe concentration 7, 24, 25 .
Excellent photothermal effect of the 30CS scaffolds
The prepared Fe-CaSiO 3 composite scaffolds possessed excellent photothermal properties. Subsequently, the photothermal performance of the scaffolds was investigated systematically under irradiation by an 808 nm NIR laser. As shown in Fig. 2h ,i, the temperature of the CaSiO 3 scaffold remained at room temperature after laser irradiation, while the temperature of the Fe scaffold increased dramatically from 0 to 300 s. Such effective NIR laser absorption and scattering by the Fe scaffold are attributed to the localized surface plasmon resonance (LSPR) properties 16 . Interestingly, the 40CS, 30CS and 20CS composite scaffolds exhibited better photothermal properties than the pure Fe scaffold in both dry (air) and wet (PBS) environments. In addition, the 30CS composite scaffolds exhibited a power density-dependent photothermal effect (Fig. 2j, k) . It was found that the temperature of the 30CS scaffolds in PBS rapidly increased to 50°C at a power density of 0.6 W/cm 2 within 10 min, exhibiting an excellent photothermal effect. A more straightforward temperature comparison can be obtained from infrared thermal images (Fig. 2l) .
We also investigated the effect of the power density on the viability of rBMSCs. Laser power densities of 0.16, 0.27, and 0.44 W/cm 2 were chosen, and the temperature induced by the 30CS scaffolds was 44, 48, 52°C, respectively. As shown in Fig. S6 , compared with the CaSiO 3 group, the cell viability in the 30CS scaffolds decreased following laser irradiation (0.16 W/cm 2 ) for 15 min. However, the number of rBMSCs significantly increased on day 3 in the 30CS + laser group after laser irradiation at 0.16 W/cm 2 , suggesting that the short-term thermal therapy had no negative effects on long-term cell proliferation. (Fig. S6) Reactive oxygen species produced by the 30CS scaffolds in vitro
The prepared Fe-CaSiO 3 composite scaffolds can produce ROS through the interaction of the released Fe ions with H 2 O 2 inside the tumor. Considering the sustained release of Fe ions from the 30CS scaffolds in a Tris-HCl solution, the formation of ROS in the Fe-catalyzed decomposition of H 2 O 2 was characterized in vitro. First, Sao2 tumor cells were incubated with the CaSiO 3 , Fe and 30CS scaffolds for 4 h. The scaffolds were removed, and 2′ 7′-dichlorodi-hydrofluorescein diacetate (DCFH-DA) fluorescent agent was added for 20 min. As shown in Fig. 3a-c , the Sao2 cells incubated with the 30CS scaffolds exhibited enhanced green fluorescence compared with those incubated with the Fe scaffolds because the Fe ion concentration released from the 30CS composite scaffolds was higher than that from the pure Fe scaffolds. Meanwhile, almost no fluorescence was observed in the Sao2 tumor cells treated with CaSiO 3 scaffolds, suggesting that no ROS were produced in the CaSiO 3 scaffold group. The fluorescence intensity was also measured with a fluorescence spectrometer. The results showed that the intensity of fluorescence in the 30CS group was higher than that in the pure Fe and CaSiO 3 groups (Fig. 3d) . As has been reported, under the function of ROS, DCFH is converted to DCF, which emits fluorescence at 525 nm under an excitation wavelength of 480 nm 20 . 
Enhanced antitumor effects of the synergistic therapies in vitro
The most distinctive characteristic of the prepared FeCaSiO 3 composite scaffolds was that they can synergistically treat bone tumors in vitro and in vivo via the photothermal effect and ROS. Sao2 tumor cells were first cultured on slice glass and then divided into nine groups: those incubated with CaSiO 3 , Fe or 30CS scaffolds for 4 h without laser irradiation to evaluate the effect of ROS on the tumor cells; those treated with CaSiO 3 , Fe or 30CS scaffolds with laser irradiation for 15 min at a power density of 0.6 W/cm 2 followed by immediate removal of the scaffolds to test the effect of photothermal ablation on the tumor cells; and those incubated with CaSiO 3 , Fe or 30CS scaffolds for 4 h followed by laser irradiation for 15 min to investigate the combinatorial effects of the ROS and photothermal therapy. According to live/dead and CCK-8 assays, it was found that after irradiation for 15 min and incubation with the 30CS scaffolds for 4 h, the mortality rate of the tumor cells reached 91.4%, the highest among the nine groups, indicating the enhanced efficacy of the synergistic photothermal and ROS therapies (Fig. 3e-n) . The anticancer performance of the Fe scaffolds was not as good as that of the 30CS scaffolds because of the lower released Fe ion concentration and the slightly lower photothermal performance of the Fe scaffolds relative to those of the 30CS scaffolds. In contrast, nearly all the tumor cells treated with the CaSiO 3 scaffolds were alive (Fig. 3f-h ). The antitumor mechanisms of the 30CS scaffolds are as follows. On the one hand, the controllable high temperature (above 50°C) induced by laser irradiation of the 30CS scaffolds led to cell membrane collapse, coagulative necrosis, protein denaturation, mitochondrial dysfunction and a halt in enzyme activity 27, 28 . On the other hand, the excessive production of ROS in the tumor cells resulted in rapid lipid oxidation and protein and DNA damage 17, 29, 30 . The biocompatibility with rBMSCs was also tested via CCK-8 assay after treatment with the CaSiO 3 , Fe, and 30CS composite scaffolds. As shown in Fig. S5 , there was no obvious change in the cell viability after treatment with the CaSiO 3 , Fe, or 30CS composite scaffolds for 4 h. Comparison with the tumor cell viability under the same treatment suggests that rBMSCs can survive better than cancer cells under this treatment.
Enhanced antitumor effect of the synergistic therapies in vivo
Based on the effective synergistic photothermal/ROS therapy in vitro, the 30CS composite scaffolds may have great potential for application as novel bifunctional scaffolds in the treatment of tumors in vivo. First, CaSiO 3 , Fe and 30CS scaffolds (length: 6 mm, width: 1.5 mm, height: 1.5 mm) were implanted in the center of tumors in mice, Subsequently, the mice were divided into six groups: those implanted with CaSiO 3 , Fe or 30CS scaffolds without laser irradiation and those implanted with CaSiO 3 , Fe or 30CS scaffolds with laser irradiation for 15 min. It was found that the temperatures of the tumors implanted with the 30CS scaffolds increased rapidly to above 50°C under laser irradiation at a power density of~0.8 W/cm 2 for 10 min, which was slightly higher than the temperature induced by the Fe scaffolds (Fig. 4a) . The high temperature spanned all of the tumor tissue. In contrast, the tumors implanted with CaSiO 3 scaffolds exhibited a temperature increase of only 5°C under NIR irradiation for 10 min. The volume of the tumor tissue in the Fe and 30CS scaffold groups without irradiation was obviously smaller than that in the CaSiO 3 and CaSiO 3 + laser groups, indicating that the ROS produced by the cumulative release of Fe ions in the tumors possessed in vivo antitumor efficiency to some extent (Fig. 4b, d ). As shown in Fig. 4b, d , among the six groups, the group implanted with 30CS scaffolds with irradiation exhibited the most effective tumor cell killing and significantly inhibited tumor growth, suggesting the efficacy of the synergistic photothermal and ROS therapies in vivo. The mice were sacrificed on the 15th day post treatment. The tumor tissue was collected and stained with H&E. According to the H&E images (Fig. 5a-f) , in the 30CS + laser and Fe + laser groups, the tumor cells suffered serious fibrosis, and almost all the cell nuclei dissolved, indicating remarkable destruction by the photothermal and ROS treatments. For the tumor cells treated with 30CS and Fe scaffolds without irradiation, only the cells near the scaffolds were destroyed, indicating the limited antitumor performance of these scaffolds. However, the tumor cells treated with CaSiO 3 or CaSiO 3 + laser showed no noticeable damage. The results above suggest that the 30CS scaffolds, as a localized photothermal agent, can be utilized to selectively kill tumor cells while causing minimal damage to normal cells. In addition, the release of Fe ions results in the production of ROS, which kill the possible residual tumor cells around the scaffolds. Moreover, the synergistic photothermal and ROS therapies can achieve a satisfactory therapeutic effect under laser irradiation at a low power density to avoid skin injury induced by too high of a temperature.
In our work, there are three factors of selectivity in the photothermal therapy and ROS process. One is that the production of ROS does more harm to cancer cells than to healthy cells because of the higher amounts of H 2 O 2 in tumor cells. A previous study has indicated that the increase in H 2 O 2 in tumor cells is linked to several obvious alterations by the cancer, including DNA alterations, cell proliferation, apoptosis resistance, metastasis, cell proliferation, angiogenesis and hypoxia-inducible factor 1 activation 31 . The second factor is that certain tumor cells, such as breast cancer cells, display more transferrin receptors than normal, healthy cells, leading to higher intracellular concentrations of iron ions in the tumor cells 32, 33 . The final factor is the temperature of the tissue that was detected during photothermal therapy in real-time via infrared thermal images. As shown in Fig. 4 , a temperature gradient exists across the 30CS composited scaffolds, which functioned as photothermal agents. Therefore, an appropriate power density was chosen to ensure that the temperature of the tumor tissue was above 48°C and that the temperature of the healthy tissue remained below 45°C to protect the healthy bone cells. If almost all the tumor cells were killed and only a few healthy bone cells were killed under laser irradiation, the 30CS scaffolds would further promote the proliferation of rBMSCs and the regeneration of bone tissue in the long term.
In vitro osteogenesis of the 30CS scaffolds
Finally, the prepared Fe-CaSiO 3 composite scaffolds possessed exhibited good compatibility and bone-forming ability in vitro and in vivo. To evaluate the biocompatibility of the 30CS scaffolds, the effects of the ionic extracts of the CaSiO 3 , Fe and 30CS powders and scaffolds on the proliferation of rBMSCs were investigated (Fig. 6a-c, Fig. S7) . A CCK-8 assay revealed that the ionic extracts of the CaSiO 3 , Fe and 30CS powders with concentrations from 50 mg/mL to 3.125 mg/mL had no adverse effect on the viability of rBMSCs and supported the proliferation of the rBMSCs (Fig. 6a-c) . In addition, the rBMSCs even proliferated well with the highly concentrated ionic extracts from the 30CS powder (200 and 100 mg/mL) compared to the control group over 5 days, suggesting the good biocompatibility of this material. The morphology and attachment of the rBMSCs Fig. 6 Cell proliferation of rBMSCs cultured with the extracts from the CaSiO 3 , Fe and 30CS powders on day 1 (a), day 3 (b), and day 5 (c). Confocal LSM images of the rBMSCs after culturing in the CaSiO 3 (d), Fe (e) and 30CS (f) scaffolds for 1 day. Relative gene expressions of the rBMSCs (g-h) cultured with the extracts of the CaSiO 3 , Fe, and 30CS powders at a concentration of 50 mg/ml. Compared to the Fe scaffolds, the 30CS scaffolds significantly promoted the bone-related gene expression of rBMSCs in the CaSiO 3 , Fe and 30CS scaffolds were observed by confocal LSM and SEM. It was found that the rBMSCs attached and spread well on the pore walls of the CaSiO 3 , Fe and 30CS scaffolds, indicating the favorable biocompatibility of the scaffolds (Fig. 6d-f and Fig. S8 ). To evaluate the effects of the ionic extracts on stimulating the differentiation of rBMSCs, the expression of typical bonerelated genes was analyzed. The expression of COL I, OCN, Runx2, BMP-2, which are typical markers of osteogenic differentiation, in the CaSiO 3 and 30CS groups was significantly up-regulated on day 7 compared to that of the control group and Fe group, which was attributed to the presence of CaSiO 3 ( Fig. 6g-j) . It has been reported that CaSiO 3 can enhance the cross-talk between endothelia cells and bone marrow stromal cells through VEGF and BMP-2 and further stimulate vascularization and osteogenic differentiation 12 .
In vivo osteogenesis of the 30CS scaffolds
The in vivo osteogenic capability of the CaSiO 3 , Fe and 30CS scaffolds was further explored to evaluate their potential for clinical application in the future. Twelve New Zealand white rabbits (2-2.5 kg) were used as critical-sized femoral defect models. After defects were created, CaSiO 3 , Fe and 30CS scaffolds (height: 8 mm, diameter: 5 mm) were implanted followed by irradiation at a power density of 0.8 W/cm 2 for 10 min to verify that the short-term photothermal therapy had no adverse effects on long-term bone regeneration. After 8 weeks, the rabbits were sacrificed, and the species were collected. From histological and micro-CT analyses, it was clear that the percentage of newly formed bone in the 30CS composite scaffolds was remarkably higher than that in the Fe scaffolds (Fig. 7a-i) . The good bone compatibility and conductivity of the 30CS composite ceramics was attributed to the surface reaction of CaSiO 3 with the surrounding bodily fluids and the formation of bone-like apatite on the surface of the scaffolds 34 . On the one hand, the CaSiO 3 ceramic phase exhibited enhanced degradation relative to that of pure Fe, thus enforcing the degradation of the entire composite scaffold and resulting in faster penetration of the bone cells in the bone substitute material. On the other hand, the released Si was closely associated with metabolism, collagen synthesis, and bone mineralization, stimulated osteoblast proliferation and differentiation, and further influenced skeletal and vascular development 35, 36 . Additionally, Ca ions were proven to influence the osteogenic differentiation and mineralization of BMSCs and osteoblasts 37, 38 . In summary, an optimal Fe-CaSiO 3 composite scaffold (30CS) with distinct mechanical, degradation, photothermal and biological properties was successfully prepared by 3D printing. Impressively, as novel bifunctional biomaterials, the 30CS composite scaffolds possess a high compressive strength for load-bearing application in the cortical bone defects induced by bone cancer. Benefiting from the excellent photothermal effect and the sustained release of Fe ions from the 30CS scaffolds, the synergistic photothermal and ROS therapies achieved a more satisfactory therapeutic effect than the monomodal therapies. The presence of CaSiO 3 in the composite scaffolds improved the degradation performance, stimulated the proliferation and differentiation of rBMSCs, and further promoted bone formation in vivo. Therefore, the prepared Fe-CaSiO 3 composite scaffolds can function as versatile and efficient biomaterials for the future regeneration of cortical bone and the treatment of cortical bone cancer, thus representing a universal platform for material science, tissue engineering and tumor therapy.
Statistical analysis
All the data were expressed as the mean ± standard deviation (SD) and analyzed using one-way ANOVA with a post hoc test. A p-value < 0.05 was considered statistically significant, and the data were indicated with (*) for probability less than 0.05 (p < 0.05), (**) for p < 0.01, and (***) for p < 0.001.
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